R-loops form when transcribed RNA remains bound to its DNA template to form a stable RNA:DNA hybrid. Stable R-loops form when the RNA is purine-rich, and are further stabilized by DNA secondary structures on the non-template strand. Interestingly, many expandable and disease-causing repeat sequences form stable R-loops, and R-loops can contribute to repeat instability. Repeat expansions are responsible for multiple neurodegenerative diseases, including Huntington's disease, myotonic dystrophy, and several types of ataxias. Recently, it was found that R-loops at an expanded CAG/CTG repeat tract cause DNA breaks as well as repeat instability (Su and Freudenreich, Proc Natl Acad Sci USA 114, E8392-E8401, 2017). Two factors were identified as causing R-loop-dependent breaks at CAG/CTG tracts: deamination of cytosines and the MutLγ (Mlh1-Mlh3) endonuclease, defining two new mechanisms for how R-loops can generate DNA breaks (Su and Freudenreich, Proc Natl Acad Sci USA 114, E8392-E8401, 2017). Following R-loop-dependent nicking, base excision repair resulted in repeat instability. These results have implications for human repeat expansion diseases and provide a paradigm for how RNA:DNA hybrids can cause genome instability at structure-forming DNA sequences. This perspective summarizes mechanisms of R-loop-induced fragility at G-rich repeats and new links between DNA breaks and repeat instability.
R-loops at G-rich repeats
R-loops are stable RNA:DNA hybrids that can form during transcription by reannealing of the newly synthesized RNA transcript to the DNA template. In addition to these co-transcriptional R-loops, RNA-DNA hybrids can form in trans, with the help of proteins such as Rad51 or Rad52 to assist in the homology search and annealing steps of R-loop formation (Keskin et al. 2014; Wahba et al. 2013) . Recent genomewide mapping approaches have indicated that R-loops are fairly common in eukaryotic genomes. In yeast, they comprise about 8% of the genome (Chan et al. 2014; Wahba et al. 2016) . In mammalian genomes, nearly 5% of the genome is engaged in R-loops (Sanz et al. 2016) . In particular, promoter and terminator regions are over-represented, and there is evidence that they play a role in transcription termination [reviewed in (Chedin 2016) ].
Certain sequence characteristics favor the formation of R-loops. Thermodynamic analysis indicates that the most stable hybrid forms between a purine-rich RNA transcript and a complementary pyrimidine-rich DNA strand, so RNA:DNA hybrids comprised of G-rich RNA are more stable than the corresponding DNA:DNA duplex (Ratmeyer et al. 1994; Roberts and Crothers 1992) . In addition, intra-strand structure formation on the displaced G-rich DNA strand can further stabilize R-loops (Maizels and Gray 2013; Skourti-Stathaki and Proudfoot 2014) . Mammalian switch regions were one of the first well-characterized G-rich R-loop-forming sequences, and have both of these characteristics. For example, it was shown that G-quadruplex formation in the non-template strand stabilizes R-loops that form in the Sµ region of the human immunoglobulin heavy-chain locus (Ig locus) in mammalian B cells (Duquette et al. 2004 ) reviewed in (Santos-Pereira and Aguilera 2015). Other G-rich repetitive DNA has also been shown to form particularly stable R-loops, including G 4 C 2 / C 4 G 2 , CGG/GCC and CAG/CTG repeats, all of which can also form secondary structures (G-quadruplexes or hairpins) (Belotserkovskii et al. 2010 (Belotserkovskii et al. , 2013 Groh et al. 2014; Kim and Jinks-Robertson 2011; Loomis et al. 2014; Reddy et al. 2011; Salvi and Mekhail 2015) . Also, the purine-rich GAA/TTC repeat forms very stable R-loops when transcribed such that the GAA purine strand is the nascent RNA (Grabczyk et al. 2007; Groh et al. 2014; Reddy et al. 2011) . The R-loop-forming repeats listed above all have the additional characteristic of expanding once they reach a threshold length, and these expansions can lead to various severe genetic diseases. Expansion of the G 4 C 2 repeat is one cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), CGG expansion causes Fragile X syndrome, GAA expansion causes Friedrich's ataxia, and CAG/CTG expansion is the cause of 13 different diseases, including Huntington's disease (HD), Myotonic dystrophy type 1 (DM1), and multiple spinocerebellar ataxias (SCAs) (McMurray 2010; Usdin et al. 2015) . Indeed, R-loops have been shown to cause repeat instability at expandable triplet repeat sequences in several human cell lines as well as in vitro systems designed to measure repeat instability. For example, R-loops form in vivo and in vitro upon transcription through a CAG/CTG (CAG) repeat region, with the level of R-loop formation increasing with CAG tract length (Lin et al. 2010; Reddy et al. 2014 Reddy et al. , 2011 . R-loop formation destabilizes expanded CAG repeats, as depletion of RNaseH stimulates repeat contractions (Lin et al. 2010; Reddy et al. 2011, Su and . Similarly, transcription through an expanded GAA/TCC repeat promotes expansions (Ditch et al. 2009; McGinty et al. 2017a; Rindler and Bidichandani 2011) , though a direct link to R-loops has not been made in this case.
Links between R-loops, cytosine deamination, BER and repeat instability
The formation of stable R-loops within structure-forming G/C-rich repeats has several types of deleterious consequences. The displaced single-strand of DNA (ssDNA) is exposed to base damage or ssDNA nucleases, which can cause nicks in the DNA. During class switch recombination (CSR), the stable R-loops formed in the Sµ region exposes cytosines on the displaced strand, which are deaminated to uracil by activation-induced deaminase (AID) (Stavnezer et al. 2008) . A recent study showed that G-quadruplexes, like those formed at Sµ region R loops, are particularly good AID-binding substrates, explaining how the Ig switch region is a preferred AID target (Qiao et al. 2017) . Uracil DNA glycosylase (Ung1)-dependent base excision repair (BER) then creates single-stranded breaks (SSBs) by removal of uracil, followed by APE1-and APE2-dependent cleavage of abasic sites (Bregenhorn et al. 2016; Guikema et al. 2007; Schrader et al. 2009 ). These SSBs can be converted to DSBs when close to each other on opposite strands, and re-ligation of these DSBs achieves CSR. Though in this region the nicks and breaks can lead to a desired outcome, this is not always the case. We recently found that cytosine deamination also leads to breaks in an expanded CAG/CTG tract engaged in a cotranscriptional R-loop (Su and Freudenreich 2017) . In this case, since the experiment was done in a budding yeast model system, the endogenous yeast Fcy1 deaminase was involved. Fcy1 is part of the CDA family of deaminases also found in mammalian cells. Deletion of the FCY1 gene suppressed approximately 60% of the R-loop induced DSBs and also completely suppressed the R-loop-induced CAG contractions that were observed. We showed that the Fcy1-dependent repeat contractions were occurring due to BER, and required the Ung1 glycosylase and the Apn1 endonuclease ( Fig. 1 ).
Ung1 targets uracil in DNA, the product of cytosine deamination, to create an abasic site, which is acted upon by an AP endonuclease (e.g. Apn1/APE) to create a nick. This normally creates a substrate for BER repair, using either the Polβ or Polδ polymerase (Liu and Wilson 2012) . Interestingly, a hypomorphic Polβ mutation reduces expansion frequency in a mouse model of Fragile X-related disorders (Lokanga et al. 2015) , and BER has been shown to be a mechanism that can create both CAG repeat contractions and expansions in in vitro systems (Lai et al. 2016; Liu and Wilson 2012) . There is evidence that BER-induced tripletrepeat expansions can occur downstream of oxidative damage, because mutation of glycosylases OGG1 and NEIL1, that target oxidized bases, suppresses somatic CAG repeat expansions in mouse models of HD (Kovtun et al. 2007; Mollersen et al. 2012) . Also, treatment of cells with oxidative DNA-damaging agents promotes repeat instability in multiple cell types (Entezam et al. 2010; Kovtun et al. 2007; Polyzos et al. 2016) . However, in light of the effects of cytosine deamination and Ung1 in the yeast model, it may be worth investigating whether DNA-targeted deaminases could trigger repeat instability in human cells. CAG instability is high in the liver in mouse models of HD, a tissue that expresses human cytidine deaminase (CDA) (http://www.proteinatlas.org). For AID, cytosines within the single-stranded overhangs adjacent to G-quadruplexes were preferred deamination substrates (Qiao et al. 2017) . A similar mechanism could conceivably favor deamination of C's near other types of DNA structures such as CNG hairpins. The known disease-associated repeat expansions in humans are associated with transcribed loci known to form R-loops, thus potentially exposing ssDNA to various types of DNA damage. Strand-specific DNA nicking followed by repair provides a mechanism to explain R-loop-induced repeat instability in non-dividing cells (Fig. 1) .
The role of MutLγ in R-loop-induced repeat fragility and instability
In mouse models, both intergenerational and somatic CAG repeat expansions can be suppressed by mutation of various proteins normally associated with MMR, indicating that in the context of structure-forming repeats they are playing an alternative and mutagenic role. The connection between MMR proteins and repeat instability has been extensively studied and verified in multiple model systems from human cell lines to yeast to in vitro repair assays [reviewed in (Polyzos and McMurray 2017; Schmidt and Pearson 2016; Usdin et al. 2015) ]. The MMR components that cause repeat instability include members of the MutSβ recognition complex (Msh2, Msh3) and MutLα nuclease components (Mlh1, Pms2) [see for review]. There is a second MutL nuclease complex, MutLγ (Mlh1, Mlh3), that has a less understood cellular role. Interestingly, in a mouse model of HD, mutation of either of the MutLγ nuclease components (Mlh1, Mlh3) completely suppressed somatic repeat expansions (Pinto et al. 2013 ). This finding was in keeping with the interpretation that an alternative pathway is operative, as MutLγ has only a minor role in canonical mismatch repair (Flores-Rozas and Kolodner 1998; Romanova and Crouse 2013). Its most well-characterized function is in processing Holliday junctions in meiosis, and it can bind and supershift a four-way junction in vitro (Ranjha et al. 2014; Rogacheva et al. 2014) .
We identified MutLγ nuclease activity as a cause of both R-loop-induced CAG fragility and contractions (Su and Freudenreich 2017) . This provides a possible mechanism for how MutL nucleases are causing instability: by nicking of R-loop-induced structures. The genetic data were consistent with MutLγ action being partially dependent on cytosine deamination and Apn1 activity. Since Apn1 acts on dsDNA, these results suggest that the relevant MutLγ substrate may be created by R-loop displacement, which can result in a slipped-strand structure with hairpins on both strands (Reddy et al. 2014 ). Based on its inherent endonuclease activity on supercoiled DNA, MutLγ could create nicks at the hairpin junctions, which are open and accessible; nicks on both strands could be converted into a DSB (Fig. 1) . In addition, results show that the MutLγ endonuclease activity can be directed by a nick to cleave the opposite strand in a concerted mechanism to create a DSB (Manhart et al. 2017 ). This mechanism could account for the partial dependence on Fcy1: an initial nick created by processing of a deaminated cytosine could direct MutLγ cleavage to the opposite strand to create a DSB (Fig. 1) . This same concerted mechanism can also occur without a preexisting nick (Manhart et al. 2017) , so another possibility is that recruitment to the DNA Fig. 1 Events at R-loops within G-rich repeats. Stable R-loops can form when a purine-rich RNA stays hybridized to the DNA template, facilitating DNA structure formation on the exposed single-stranded non-template DNA strand (ssDNA). The ssDNA is exposed to cytosine deamination and oxidative damage, which can be processed by base excision repair (BER) and AP endonuclease to create strandspecific nicks. Multiple downstream events can ensue. Right pathway: the nicks can be repaired directly by BER or further processed to gaps by nucleases (e.g. Exo1, Rad1/XPF, Rad2/XPG) and then repaired, with the opportunity for repeat length changes to occur. A pre-formed hairpin near the nick may favor repeat expansions. Left pathway: alternatively, further processing by nucleases (e.g. XPF, XPG or others) could lead to double-strand breaks (DSBs). Middle: R-loop displacement is predicted to create a slipped-strand structure with hairpins on both strands, which may also contain U-G mismatches from cytosine deamination and/or nicks from subsequent processing by Ung1 and other BER enzymes. This is a predicted substrate for cleavage by the Mlh1-Mlh3 (MutLγ) nuclease; potential sites of recognition and cleavage are indicated (e.g. U-G mismatches, nicks, or junctions within structured DNA; cleavage of the R-loop or its nicked product are also possible (not shown)). If the resulting breaks are repaired with mis-alignments, repeat length changes will occur structure (perhaps by a MutS complex) initiates MutLγ nondirectional cleavage in the vicinity.
The state of the Mlh1-Mlh3 nuclease appears to be highly relevant to the propensity of CAG repeats to expand in mammals. A study of two Huntington's disease mouse strain models showed that there was a modifier in the Mlh1 gene that determined the somatic expansion difference between the two strains (Pinto et al. 2013) . Further analysis showed that expansions were dependent on both Mlh1 and Mlh3, implicating the MutLγ complex as a key driver of somatic CAG expansions in this mouse model (Pinto et al. 2013) . Recently, sequencing of a large human cohort identified the Mlh1 gene as a modifier of Huntington's disease onset (Lee et al. 2015 (Lee et al. , 2017 . MutSβ complex members that could recruit the MutLγ nuclease have also been identified as modifiers of somatic repeat instability in both Huntington's and myotonic dystrophy type 1 patients (Morales et al. 2016; Moss et al. 2017) . Thus, the mechanism of MutLγ action on R-loops and CAG/CTG repeat structures deserves further study.
Involvement of TCR and other nucleases in R-loop Breaks
There is evidence that transcription-coupled repair (TCR) and the TCR-associated endonucleases XPG (yeast Rad2) and XPF (yeast Rad1) are also involved in R-loop processing and instability of R-loop-forming repeat sequences, at least in some circumstances. In the human cell line CAG contraction selection system high levels of induced transcription through CAG repeats were shown to induce contractions through TCR, as contractions were eliminated upon CSB, XPA, XPG or ERCC1 knockdown, but did not require the human APE1 BER nuclease (Lin et al. 2006; Wilson 2007, 2012) . Also, R-loops formed in human cells in the absence of RNA/DNA helicases Aquarius (AQR) or Senataxin (SETX) were processed into DSBs by TCR nucleases XPG and XPF (Sollier et al. 2014) . Thus, it appears that different R-loops, caused by different means or at different sequences, may be processed into DSBs in multiple ways. One possibility is that transient RNA:DNA hybrids that occur in the context of highly induced transcription or in the absence of RNA helicases are more likely to stall RNA polymerase and trigger TCR. Interestingly, at the persistent R-loops occurring at a CAG repeat in the absence of yeast RNaseH1 and RNaseH2, TCR components did not cause fragility. However, a significant decrease in contractions was observed in the absence of either the Rad1 or Rad2 nucleases, though deletion of other TCR and NER proteins had no effect (Su and Freudenreich 2017) . By genetic analysis, the Rad1/Rad2-dependent contractions occurred in the same pathway as Ung1/Apn1, suggesting that the Rad1/XPF and Rad2/XPG nucleases may sometimes work in the context of the BER pathway, for example in the gap processing step (Fig. 1) . Thus, there may be some crosstalk between the two pathways during R-loop processing.
Unknowns and future directions
In the yeast system unlike in human cells, triplet repeat expansions are less common than contractions, thus a reduction of expansions was not evident in the non-selective system used to study the effect of cytosine deamination and MutLγ on repeat instability. Model systems that can select for rare expansion events (Keogh et al. 2017; Kim et al. 2017) could be used to learn more about the role of these factors on repeat expansions. However, the data from mouse models already strongly implicate both BER and the MutLγ complex as causative agents in repeat expansions. Also, evidence cited above shows that co-transcriptional R-loops cause repeat instability, which is exacerbated in RNaseH mutants. The missing connection is what role R-loops play in repeat expansion diseases. How often are R-loops involved in the initiating event that triggers BER or other pathways involving MMR proteins that result in repeat expansions?
A related question is what contribution each of the various mechanisms that can cause an initial nick or break has in initiating repeat instability. At expanded CAG tracts, evidence exists for oxidative damage and cytosine deamination, which could both be exacerbated by R-loops, as initiating mutational events. Evidence cited above also points to a role for endonuclease recognition of either the R-loop itself or resulting DNA structures by MutLγ and the TCR endonucleases. In dividing cells, breaks could also form due to transcription-replication collisions, which are known to cause genome instability within non-repetitive DNA (see for example (Brambati et al. 2015; Oestergaard and Lisby 2017) for review). Some of these pathways may work together or in sequence. Though expanded triplet repeats are a useful model as they are especially prone to mutation, these pathways are likely also operating at other R-loop or structure-forming sequences to cause mutations and genome instability.
Lastly, there appear to be multiple mechanisms that can be employed to repair the lesions, whatever the initial cause (R-loops or otherwise), and the interplay among these pathways can determine the mutagenic outcome. For nicks or gaps within CAG tracts, BER is an important pathway of repair. Interestingly, the MutSβ complex interacts with Polβ in the BER pathway to promote trinucleotide repeat expansion by stimulating Polβ synthesis across the repeat tract and influencing flap processing by FEN1 (Lai et al. 2016) . Nuclease processing during BER, in gap creation (Fig. 1) or at later steps (for example on the template strand to cause a contraction or fix an expansion) likely plays an important role in determining whether expansions or contractions occur (see (Lai et al. 2016; Polyzos and McMurray 2017; Usdin et al. 2015) for models). It remains to be determined what role, if any, MutL complexes have in these downstream nuclease-processing steps. Formation of DSBs by MutLγ or other nucleases opens up another suite of possibilities for repair pathways, including end joining and homologous recombination, that have been shown to generate both repeat instability and chromosomal rearrangements [reviewed in (Polleys et al. 2017 ), see also (McGinty et al. 2017b, Su and ]. Thus, R-loop-induced breaks at DNA repeats could be a major mutagenic force in cells, able to cause both local instability and larger genome rearrangements.
